The nucleation and growth of Co clusters on vacuum-annealed (reduced) and oxidized TiO 2 (110) have been studied by scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), and density function theory (DFT) calculations. On vacuum-annealed TiO 2 (110), the Co clusters grow as three-dimensional islands at coverages between 0.02 and 0.25 ML, but the cluster heights range from ∼3 to 5 Å, indicating that the clusters are less than three layers high. In addition to the small cluster sizes, the high nucleation density of the Co clusters and lack of preferential nucleation at the step edges demonstrate that diffusion is slow for Co atoms on the TiO 2 surface. In contrast, deposition of other metals such as Au, Ni, and Pt on TiO 2 results in larger cluster sizes with a smaller number of nucleation sites and preferential nucleation at step edges. XPS experiments show that Co remains in the metallic state, and there is little reduction of the titania surface by Co. A comparison of the metal−titania binding energies calculated by DFT for Co, Au, Ni, and Pt indicates that stronger metal− titania interactions correspond to lower diffusion rates on the surface, as observed by STM. Furthermore, on oxidized TiO 2 surfaces, the diffusion rates of all of the metals decrease, resulting in smaller cluster sizes and higher cluster densities compared to the growth on reduced TiO 2 . DFT calculations confirm that the metal−titania adsorption energies are higher on the oxidized surfaces, and this is consistent with the lower diffusion rates observed experimentally.
■ INTRODUCTION
Understanding the growth of metals on oxide surfaces is of critical importance for a wide variety of applications, including those involving heterogeneous catalysis, electronic devices, and gas sensors. 1−4 In catalysis, the number of active sites depends on the exposed surface area of the supported metal clusters, and therefore the growth mode of the metal clusters is crucial for determining the activity of the supported clusters. 2, 5, 6 In the fabrication of gas sensors and other electronic devices, the ability of metal films to adhere to the oxide substrate depends on the nature of bonding at the metal−oxide interface. 3,7−9 Co is an important Fischer−Tropsch catalyst for the synthesis of hydrocarbons from CO and H 2 (syngas). 10, 11 The attractiveness of Co as a catalyst for the Fischer−Tropsch reaction stems from its high activity, 10−12 high selectivity for longer chain hydrocarbons, 13 and low activity for the undesired water-gas shift side reaction. 11, 14 Furthermore, titania is a preferred support for the Co-based Fischer−Tropsch catalysts 12,15−22 due to its excellent thermal stability under reaction conditions and good mechanical properties. 23 The Co−TiO 2 system has also been used for other industrially relevant catalytic processes, including the steam reforming of ethanol, 24 preferential oxidation of CO in hydrogen, 25 and oxidative dehydrogenation of ethane. 26 The nature of the Co−titania interface is believed to influence the chemical activity of the supported Co clusters. For example, the number of active sites is altered by the extent of sintering or agglomeration of the clusters during heating as well as the initial wetting ability of the Co on titania. While strong Co−titania interactions favor higher activity through greater dispersion, the formation of a Co−titanate compound is known to deactivate Co catalysts. 14 It has also been reported that this interfacial reaction, which occurs during reduction with H 2 , inhibits the reduction of Co. 27 Previous studies of Co on titania catalysts report strong metal− support interaction (SMSI) effects, such as the decreased adsorption of CO and H 2 after heating the system in a reducing environment. 19, 20, 28, 29 Recent investigations of Co on TiO 2 (110) from our group show that the Co clusters become partially encapsulated by titania upon heating in vacuum, 30 and other investigations of Co on TiO 2 (110) observe decreased Co photoemission upon annealing, 29 which is also consistent with encapsulation.
In order to better understand the growth of Co on titania and the nature of the Co−titania interfacial interactions, we have studied vapor-deposited Co clusters on rutile TiO 2 (110) using techniques such as scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS) under ultrahigh vacuum (UHV) conditions. The deposition of Co on titania at room temperature results in greater cluster densities and smaller cluster sizes compared to other transition metals grown on TiO 2 (110) . Co remains predominantly metallic and does not induce significant reduction of the titania support. Upon heating the surface, the Co clusters undergo sintering to form larger clusters. Density functional theory (DFT) studies were carried out to calculate the binding energy of a single metal atom on vacuum-annealed (reduced) TiO 2 for Co as well as other transition metals like Au, Ni, and Pt. This binding energy scales with the strength of oxygen−metal bonds formed on close-packed single crystal surfaces of the metals. The relative cluster sizes and densities for various metals on TiO 2 are successfully predicted based on the metal−titania binding energies: stronger metal−titania binding results in slower diffusion rates and smaller clusters with higher cluster densities. Furthermore, diffusion rates for metals deposited on oxidized TiO 2 were lower than on reduced TiO 2 for all four metals (Au, Ni, Pt, Co) due to the formation of strong admetal−oxygen bonds.
■ EXPERIMENTAL METHODS
All experiments were conducted in two ultrahigh vacuum chambers. The first chamber has a base pressure of <5 × 10
−11
Torr and is equipped with a variable-temperature scanning tunneling microscope (Omicron, VT-25), hemispherical analyzer (Omicron, EA125) for X-ray photoelectron and lowenergy ion scattering experiments, low-energy electron diffraction optics (Omicron SPEC3), and a quadrupole mass spectrometer (Leybold-Inficon Transpector 2). A more detailed description of the chamber, as well as sample heating and metal deposition procedures, can be found elsewhere. 31−36 The second chamber has a base pressure of ≤2 × 10 −10 Torr and was used to conduct soft X-ray photoelectron spectroscopy (sXPS) experiments on the U12a beamline at the National Synchrotron Light Source. 37−40 The rutile TiO 2 (110) crystals (Princeton Scientific) were cleaned by several cycles of Ar ion sputtering at 1 kV for 20 min followed by annealing to 950− 1000 K for 1−3 min. Preferential loss of oxygen from the crystals through this treatment resulted in crystals that were reduced and sufficiently conductive for STM and XPS experiments. All TiO 2 (110) surfaces were subjected to this treatment unless otherwise specified, and these surfaces are referred to as vacuum-annealed or reduced TiO 2 (110) . Surface cleanliness and order were confirmed by a combination of XPS, STM, and LEED. Temperatures were measured by type K or C thermocouples spot-welded to the backplate of the crystal and independently calibrated with an infrared pyrometer. 31 In the first chamber, metals were deposited via a commercial metal evaporator (Oxford Applied Research, EGC04) using electron beam heating of pure Co, Pt, and Ni rods and Au pellets contained in a Mo crucible. In the second chamber, Co was evaporated from a 0.25 mm pure Co wire (99.995%, ESPI) wrapped around a 0.50 mm W wire (ESPI), through which current was passed to heat the Co. Metal coverages and fluxes were measured by a quartz crystal microbalance, which was independently calibrated. 30 Deposition rates for all of the metals were ∼0.1 ML/min, where 1 monolayer (ML) is defined by the packing densities of the Co(0001), Pt (111) , Ni (111) , and Au(111) surfaces. Oxygen (Matheson, 99.997%) exposures were carried out at room temperature with a pressure rise of 1 × 10 −7 Torr for 5 min using a stainless steel directed dosing tube positioned 5 mm from the face of the crystal.
XPS data for the Co(2p) region were collected with an Al Kα source using a 0.2 s dwell time and 0.03 eV step size. The Ti(2p) region was collected with a photon energy of 600 eV, step size of 0.1 eV, and dwell time of 0.1 s. STM studies were conducted at a sample bias of +2.3 V and a tunneling current of 0.05−0.1 nA with electrochemically etched tungsten tips. 33 Measurements of cluster heights in the STM images were carried out with an in-house analysis program that has been described elsewhere. 30, 41 Cluster heights are used as measure of cluster size since the diameters are known to be overestimated due to tip convolution effects. 30, 33 ■ COMPUTATIONAL METHODS Density functional theory calculations 42, 43 of metal binding to TiO 2 were performed with the Vienna Ab-initio Simulation Package. 44, 45 Core electrons were described by projector augmented-wave potentials 45, 46 and valence electrons with a plane wave basis using an energy cutoff of 300 eV. Electron correlation was modeled within the generalized gradient approximation using the PW91 functional of Perdew and Wang. 47 A Dudarev +U correction of U eff = 4 eV was applied to the Ti d states. 48, 49 All calculations were spin polarized. The Brillouin zone was sampled at the Γ-point. A dipole correction was applied in the direction normal to the TiO 2 surface.
The calculated lattice constant of bulk rutile TiO 2 (a = 4.68 Å, c = 3.03 Å, c/a = 0.64) was found to be in good agreement with literature values. 50 To study the binding of metal atoms, we used a rutile (110) slab structure having three stoichiometric layers and a 3 × 2 surface supercell. We prepared a reduced TiO 2 surface by removing one bridging oxygen atom from a stoichiometric slab and an oxidized surface by adding an oxygen atom on top of the 5-fold (5f) Ti site. The bottom TiO 2 layer was held fixed in bulk lattice positions during geometry optimization, and the topmost two layers were free to relax. Binding energies of various metal atoms on the TiO 2 (110) slabs were calculated as E b = E metal/slab − E metal − E slab , with E metal/slab , E metal , and E slab being the energy of the bound system, metal in gas phase, and TiO 2 slab, respectively.
■ RESULTS
Scanning tunneling microscopy experiments were carried out on various coverages of Co deposited on TiO 2 (110) at room temperature ( Figure 1 ). For the lowest coverage of 0.02 ML, relatively small clusters are formed with an average height of 3.3 ± 0.9 Å and a cluster density of 5.27 × 10 12 clusters/cm 2 ( Figure 1a ). Although three-dimensional clusters are grown on the surface, many of the clusters are only 1−2 atomic layers thick, suggesting strong interactions between the TiO 2 support and the Co clusters. Furthermore, there is no preference for the clusters to reside at the step edges, which are the high coordination sites, and this implies that the diffusion length of the Co atoms on TiO 2 is shorter than the distance between steps on the titania surface. As the coverage is increased to 0.06 and 0.13 ML, the number of clusters on the surface and the average cluster height increases, with the height reaching 4.4 ± 1.2 Å at 0.13 ML (Figure 1b ,c). These same trends continue as the Co coverage is increased to 0.19 ML and then 0.25 ML, where the surface appears to be completely covered with clusters with an average height of 5.2 ± 1.6 Å (Figure 1d ,e). A quantitative comparison of cluster height and densities as a function of coverage is shown in Figure 2 . From 0.02 to 0.06 ML, the number of clusters on the surface increases linearly, with the number of clusters increasing by a factor of 1.8 ( Figure  2a ). Between 0.06 and 0.19 ML, the clusters density increases less sharply as the surface becomes covered with clusters, and therefore the probability of an incoming Co atom joining an existing cluster becomes high despite the short diffusion length of Co on TiO 2 . In the highest coverage regime of 0.19−0.25 ML, the number of clusters nearly plateaus, presumably because there is little exposed titania on which new clusters can nucleate, and consequently the incoming Co atoms are likely to contribute to the growth of existing clusters. Although the average heights of the clusters also increase nearly linearly from the lowest to highest coverage studied (Figure 2b ), the total increase in height between 0.02 and 0.25 ML is only ∼2 Å, which roughly corresponds to a single atomic layer.
At a coverage of 0.02 ML of Co, the height distribution is very narrow, with 80% of the clusters in the 2−4 Å range and 20% in the 4−6 Å range ( Figure 3 ). As the coverage is increased to 0.13 ML, the distribution becomes slightly broader; larger clusters appear with heights of 8 Å, and only 40% of the clusters are 2−4 Å high. Furthermore, at 0.25 ML, clusters as large as 10 Å are observed, and the smaller 2−4 Å clusters comprise <20% of the total distribution. The broadening of the size distribution with increasing coverage is explained as follows: at the higher coverages, incoming Co atoms can both nucleate new clusters, which contribute to the smallest cluster sizes, or become incorporated into existing clusters, which contributes to the larger cluster sizes. In contrast, at the lower coverages, almost all of the Co atoms nucleate new clusters because the diffusion length is not large enough for these atoms to reach existing clusters. In general, our group has observed that the size distribution for metals grown on TiO 2 becomes narrower as the diffusion length decreases; for example, on a TiO 2 surface that was intentionally made defective by heating to induce partial reconstruction of the surface, the deposition of Cu clusters resulted in a more uniform size distribution than on stoichiometric TiO 2 (110)-(1 × 1). 51, 52 The same behavior has been reported for the growth of Pd, 53 Ag, 54 and Pt 55 on reconstructed TiO 2 (110)-(1 × 2) surfaces.
The most striking feature of the growth of Co on TiO 2 is that the nucleation density for Co is much higher than for other mid-late transition metals on TiO 2 (110), 33,36,52,54,56−64 implying a lower diffusion rate for Co on TiO 2 . A more direct comparison of the growth of Co with Au, Ni, and Pt is shown in the STM images in Figure 4 , where 0.25 ML of each metal is deposited at room temperature. Because the four metals have different rates of diffusion on TiO 2 , the resulting cluster sizes and densities are also different, and cluster heights and densities for these surfaces are presented in Table 1 . Au clusters ( Figure  4a ) have the largest average cluster heights of the four metals (12.7 ± 4.3 Å) and the lowest cluster density, indicating that Au atoms have the greatest mobility on TiO 2 . Furthermore, the Au clusters exhibit a tendency to reside at the step edges since the Au atoms are able to diffuse across the terraces. Ni atoms diffuse slightly less readily than Au; the average cluster height is smaller (11.1 ± 2.8 Å), and the cluster density for Ni is a factor of 1.7 higher than for Au although the Ni clusters are still preferentially located at step edges (Figure 4b ). In the case of Pt, a significant fraction of the clusters appear on the terraces, but the step edge sites are also occupied by clusters (Figure 4c ). The average cluster height for Pt decreases to 6.0 ± 2.1 Å, and the cluster density is more than twice that of Ni. The Co clusters have no preference for nucleation at step edges as well as the smallest cluster height (5.2 + 1.6 Å) and a cluster density that is 1.4 times greater than Pt (Figure 4d) .
The binding energies of these metals on TiO 2 (110) were calculated by DFT in order to explain the experimental differences in metal nucleation and growth ( Table 2 ). The vacuum-annealed (reduced) TiO 2 surfaces used for the experiments contain ∼7% oxygen vacancies as determined by counting the number of these features in high-resolution STM images, and this number is consistent with the values reported in the literature for similarly prepared TiO 2 (110) surfaces. 3 The DFT calculations demonstrate that the metal atoms bind Figure 3 . Cluster height distributions for various coverages of Co deposited on TiO 2 at room temperature. Heights were determined from STM images using an in-house cluster measurement program, and the following image sizes were used for the analysis: 1000 Å × 1000 Å for 0.02 ML, and 500 Å × 1000 Å for 0.13 and 0.25 ML. 65, 66 it has generally been observed that for growth on oxide surfaces defects play an important role in the nucleation of the metal clusters.
1 Co binds most strongly to the bridging oxygen vacancy, followed by Pt, Ni, and finally Au. Furthermore, the Co atom binds asymmetrically to one Ti (5f) atom and one bridging oxygen atom, in contrast to the symmetric Ti (5f)−metal−Ti (5f) bond of Pt, Ni, and Au, as shown in Figure 5 (circles, top) . The distinct bonding geometry of Co−TiO 2 can be understood in terms of the stronger affinity of Co for oxygen compared with the Pt, Ni, and Au cases. The calculated oxygen binding energies on the (111) surfaces of Au, Pt, and Ni and the (0001) surface of Co are given in Table 2 to illustrate that the metal− titania binding energies are correctly predicted by the admetal− oxygen bond strengths. Likewise, a review article by Campbell on the growth of metals on oxides reports that for metal deposition on alumina the interfacial energy scales with the strength of the admetal−oxygen bond. 1 From the calculated binding energies of metals, there is a clear trend between binding energy and cluster size/density; specifically, the larger binding energies lead to smaller cluster sizes and higher cluster densities. This behavior can be understood if the rate of diffusion for the metal on titania is assumed to be related to the metal−titania binding energy, with slower rates of diffusion and shorter diffusion lengths associated with strong metal−titania binding. The Bronsted−Evans− Polyani (BEP) relationship suggests that the activation energy barrier for metal diffusion should scale with the adsorption energy of the metal. 67−69 According to the BEP equation, the change in activation energy is equal to a constant times the change in reaction energy for reactions of the same type, and this relationship has been successfully applied to understanding the elementary steps in surface reactions. 67−72 Thus, the activation energies obtained from transition state theory can be directly determined from the more easily calculated thermodynamic properties. 69 More recent work by Norskov and coworkers have shown through DFT calculations that there is a "universal" linear relationship between the activation energy of reaction and the adsorption energies of the atomic species for the dissociation of diatomic molecules (N 2 , CO, NO, O 2 ) on many transition metal surfaces. 73, 74 Other DFT investigations have also demonstrated this same relationship between activation energy of reaction and adsorption energies for C− H bond breaking in ethylene, 75 CO dissociation, 76 and N 2 dissociation. 74 Consequently, the rate of diffusion of the metal atoms on the surface should decrease with increasing metal− titania binding. The calculated binding energies in Table 2 are consistent with the diffusion rates for the metals on TiO 2 following the order of Au > Ni > Pt > Co for diffusion rates. The metals with the greatest mobility on the surface exhibit the largest cluster sizes, the smallest cluster densities, and the greatest tendency for the clusters to occupy the highcoordination step edge sites.
The growth of Co, Au, and Ni is substantially altered when the vacuum-annealed TiO 2 surface is exposed to O 2 at 295 K before metal deposition. XPS studies report that this oxygen treatment decreases the Ti 3+ low binding energy shoulder at ∼458 eV in the Ti(2p 3/2 ) spectrum. The oxidation process is proposed to involve O 2 dissociation at oxygen vacancies and subsequent filling of these vacancies by oxygen adatoms, leaving the remaining oxygen adatoms on the surface. 77, 78 STM images in Figure 6 illustrate that for 0.05 ML coverages of various metals the number of clusters is significantly increased for the oxidized surface compared to reduced TiO 2 in all cases. Similarly, the average cluster heights are all smaller for deposition on oxidized TiO 2 compared to the reduced surface. The changes in the cluster sizes and densities (Table 3) suggest that diffusion is inhibited on the oxidized surface due to stronger metal−support interactions. The most pronounced difference is observed for Au, given that the cluster density on the oxidized surface increases by a factor of ∼6. Both Ni and Co exhibit smaller changes, with the cluster densities increasing by a factor of only 2.6 or 1.7, respectively, on oxidized TiO 2 . Thus, Au, which diffuses most readily on reduced TiO 2 shows the most pronounced changes in growth. DFT calculations were conducted to compare the binding energies on the oxidized and reduced TiO 2 surfaces (Figure 5 ), and the most stable binding sites of metal atoms on oxidized TiO 2 were adopted from the literature. 79 The calculations demonstrate that the binding energy of the metal is higher on oxidized TiO 2 (O-TiO 2 ) in all cases. Moreover, the binding energy of Au on O-TiO 2 is lower than that of Ni or Co, and this reflects the experimental behavior in which the Au clusters grown on O-TiO 2 have greater average heights (4.8 ± 2.3 Å) than Co (3.0 ± 0.4 Å) or Ni (2.7 ± 1.5 Å), which have similar heights (Table 3) . Likewise, STM studies of Ag 80 and Au 79 clusters on oxidized TiO 2 (110) have reported stronger bonding of the metal to the oxidized surface compared to the vacuum-annealed surface. 80 This increased binding in the presence of oxygen is reflected in the experimental observation ( Figure 6 ) that the average particle size for all investigated metals is smaller on the oxidized surface.
The difference in metal binding on the reduced and oxidized TiO 2 surfaces can be understood in terms of the relative electronegativities of the metals. The reduced TiO 2 (110) surface is electron-rich, whereas the oxidized TiO 2 (110) surface is electron-deficient, 79 and therefore a correlation between the relative electronegativities of the metals and the difference in binding to these surfaces is expected. 81 This was tested by explicitly calculating the binding energy difference,
, where E b oTiO 2 and E b rTiO 2 are the metal binding energies on the oxidized and reduced TiO 2 (110) surfaces, respectively. Figure 7 shows that the binding energy difference is wellcorrelated with the Pauling electronegativity of the metals. 82 Co, which has the lowest electronegativity, most strongly prefers the oxidizing environment. In contrast, Au has the highest electronegativity and the smallest magnitude of ΔE b . Although Au has the smallest ΔE b of the three metals, the ratio of number of clusters on the oxidized compared to TiO 2 surface is the greatest for Au. This behavior is explained by the fact that the reduced TiO 2 surface has very few nucleation sites for Au compared to Ni or Co, and therefore the creation of new nucleation sites on the oxidized surface has the most pronounced effect on the cluster density for Au.
To investigate the interactions between the TiO 2 support and the Co clusters, sXPS experiments were carried out at the U12a beamline at the National Synchrotron Light Source. The surface sensitivity of the experiments was enhanced by using an incident energy of 600 eV so that the photoelectrons have lower kinetic energy than those generated with a conventional Al Kα X-ray source. For these experiments, a higher metal coverage of 2 ML was deposited in order to increase the likelihood of observing the effects of Co−titania interactions. The Ti(2p 3/2 ) spectrum of the clean TiO 2 (110) surface is fit with a main peak at 459.2 eV, which is assigned to Ti 4+ and accounts for 90% of the total intensity; a smaller feature at 457.7 eV, which is assigned to Ti 3+ , accounts for the remaining 10% (Figure 8a) . 39, 83, 84 After the deposition of 2 ML of Co (Figure 8b ), the Ti 4+ and Ti 3+ peaks comprise 80% and 15% of the total intensity, respectively, and a small feature at 456.5 eV appears, which is assigned to Ti 2+ and accounts for 5% of the intensity. The ∼10% decrease in the Ti 4+ peak compared to clean TiO 2 suggests that a small fraction of Ti 4+ is reduced by Co. Previous studies of Co clusters annealed at 800 K showed that the clusters were encapsulated by titania, 30 as has also been observed for many other metals such as Pt, 39, 84, 85 Rh, 39, 86 Pd, 87−89 , and Ti 2+ contributions of 85%, 12%, and 3%, respectively (Figure 8c ), and this peak shape is also very similar to the clean TiO 2 surface. Thus, the Co clusters appear to be encapsulated by stoichiometric titania, as also observed for encapsulated Ni clusters, 84 whereas Pt clusters are encapsulated by reduced titania. 39, 84, 85, 91, 92 XPS data for the Co(2p) region indicate that the 0.25 ML Co clusters on TiO 2 consist predominantly of metallic Co (Figure 9 ). After deposition at room temperature, the Co(2p) peak shape is similar to that of metallic Co with a Co(2p 3/2 ) binding energy of 778.5 eV (Figure 9a ). 93 However, the peak is slightly broader than what is observed for bulk Co surfaces, with greater intensity in the shoulder around 781 eV. One possibility for the origin of this shoulder is that a small fraction of the Co is oxidized from interaction between the Co clusters and the TiO 2 support; note that Co is not expected to be oxidized by background gases upon deposition in UHV, given that pure metallic Co films have been observed on metal surfaces like Mo in UHV. 94 A similar Co(2p) peak shape has been observed for Co deposited on vanadia thin films, and the spectral intensity around ∼781 eV was assigned to a shakeup satellite arising from d−d correlation, rather than oxidation of Co. 95 On the basis of the lower heat of formation of cobalt oxide compared to vanadium oxide, it is unlikely that the Co would be oxidized by the vanadia support, 95 and a similar argument would suggest that Co should not be oxidized by the titania support either. XPS studies of Co thin films grown on Cu and oxidized Cu have attributed the Co(2p 3/2 ) shoulder to correlation-induced satellite features, and the intensity of this satellite feature is reported to be very sensitive to film thickness, with greater intensity for thinner films. 96−98 In addition to d−d interaction, the Cu 4s−Co 3d hybridization also contributes to the Co(2p 3/2 ) satellite structure for the Co films on Cu. Furthermore, theoretical studies confirm that the d−d correlation is expected to contribute to the satellite structure. 99, 100 Therefore, the appearance of the shoulder in the Co(2p 3/2 ) spectrum of Co on TiO 2 is not exclusively attributed to oxidation, given that the slight reduction of the titania surface is consistent with the presence of only a small fraction of Co oxide.
In order to understand changes in the Co(2p) spectrum due to oxidation, the 0.25 ML Co clusters were exposed to O 2 at a pressure of 1 × 10 −7 Torr for 5 min. The resulting spectrum begins to resembles that of Co oxide 93 as the 2p 3/2 binding energy shifts to 780.5 eV and distinct shoulders appear at a binding energies 5.7 eV higher than the main 2p peaks ( Figure  9b ). For comparison, the spectrum of 0.25 ML of Co exposed to air for 24 h is shown in Figure 9c to illustrate that the clusters exposed to oxygen in UHV are not fully oxidized. In the spectrum of the Co clusters exposed to air, the 2p 3/2 peak continues to shift to high binding energy (781.1 eV), indicating that this Co surface is more fully oxidized than the one treated in UHV. The Co(2p) spectrum of the clusters annealed to 800 K for 1 min (Figure 9d) shows only a ∼20% decrease in the integrated Co intensity, but the Co(2p 3/2 ) peak also becomes slightly narrower, which could result from decomposition of the small fraction of Co oxide. Indeed, when the Co clusters are oxidized in UHV and then heated to 800 K, the metallic peak shape is restored as the decomposition of Co oxide occurs at this temperature. However, because the intensity of the shoulder at ∼781 eV is dependent on the thickness of the Co overlayers, the changes at 800 K could also be ascribed to a morphological change. 96−98 After annealing to 800 K, the partially encapsulated Co clusters are exposed to O 2 at 295 K (Figure 9e) , and there is a significant change in peak shape and a shift in Co(2p 3/2 ) binding energy to 779.7 eV. This suggests that the Co clusters become oxidized even after partial encapsulation by titania although the extent of oxidation is not as great as for the unencapsulated Co clusters, based on the smaller shift to higher binding energy.
■ DISCUSSION
A comparison of Co, Pt, Ni, and Au growth on TiO 2 (110) demonstrates that information about the kinetics of cluster growth can be extracted from thermodynamic properties like the admetal−oxygen bond strengths. The relative rates of diffusion increase with decreasing admetal−oxygen bond strengths, and higher diffusion rates lead to larger clusters and lower cluster densities. Co exhibits the lowest diffusion rate since it has the strongest metal−titania bonding, and Au exhibits the highest diffusion rate since it has the weakest metal−titania bonding; Ni and Pt follow the same trend of increasing diffusion rates with weaker metal−TiO 2 bonding. Consequently, cluster sizes increase in the order of Co < Pt < Ni < Au. For Co, its less active neighbors in the periodic table (Rh, Ni) exhibit much higher metal atom diffusion at room temperature, 59, 62 implying significantly weaker metal−titania binding compared to Co. Many of the mid-late transition metals have been imaged by STM on TiO 2 (110) , and the reported spatial distributions also follow the trends predicted by the metal−oxygen bond strengths. Metals like Cu, 58, 59 Ag, 57, 61, 101 Rh, 62 and Pd 53, 60 are mobile on the surface at room temperature compared to Pt and Co, which have higher metal− oxygen bond strengths, and therefore the Cu, Ag, Rh, and Pd clusters are preferentially located at the high-coordination step sites. Similarly, metals like Mo 102, 103 and Al 104 with stronger metal−oxygen bonds form clusters that show no preference for nucleation at step edges due to the short diffusion lengths.
Diebold and Madey have compared the growth of many transition metals on TiO 2 (110) and found that the mode of film growth can also be predicted from thermodynamic properties. 3, 4, 105 Specifically, the wetting ability of the admetal film depends on the activity of the admetal for reaction with oxygen. Late transition metals like Cu 105 and Au, 56,106 which are not active for reaction with oxygen, grow as threedimensional islands that do not wet the surface; in contrast, early transition metals like Cr 107 and Mn 108 are active for reaction with lattice oxygen and form flatter islands that wet more of the titania surface. In general, the admetal's activity for reaction with lattice oxygen follows the heat of formation of the oxides per mole of oxygen, 4 similar to the trend observed for reduction of the titania by the admetal. Moreover, a review by Campbell demonstrated that the growth mode for metals on oxides can be predicted from trends in the heats of formation of the admetal oxide.
1 Three-dimensional film growth is expected when γ o < γ m + γ m/o, where γ o and γ m are the surface free energies of the oxide and admetal, respectively, and γ m/o is the energy of the admetal−oxide interface. Since the surface free energy of the metal is usually higher than that of oxide, 109 the interfacial energy often controls the mode of film growth, with strong admetal−titania interaction favoring more 2-dimensional growth. Given that the interfacial energy has been shown to scale with the heats of formation for the admetal oxides, 1 twodimensional growth is expected for admetals with higher heats of formation of the associated admetal oxide.
The general trend observed for transition metals on TiO 2 is that the extent of reduction at the admetal−titania interface increases with the heat of adsorption of oxygen on the admetal. 102 Tanaka and co-workers showed that the heat of adsorption for oxygen follows the standard heat of formation (per metal atom) of the highest oxide, 110 and therefore, the extent of titania reduction by the admetal should increase with increasing heat of formation of the oxide. Fe, which is directly to the left of Co in the periodic 111 reduce titania while the admetal itself becomes oxidized, and this interfacial reaction enhances wetting ability. 4 For the mid-late transition metals deposited on TiO 2 (110) in this study (Au, Pt, Ni, Co), the extent of titania reduction for equivalent coverages of metal also reflects the relative strengths of the admetal−titania bonds even though none of these metals reduce titania substantially. 84 In the case of Au, which has the weakest metal−titania interaction, there is only a ∼3% reduction of Ti 4+ (110) single-crystal surfaces reported here. The heats of formation of the metal oxides (per mole oxygen) for the most stable metal oxide follow the order alumina > titania > vanadia > niobia > ZnO. 1, 121 Thus, deposited Co is less likely to become oxidized by the support for metal oxides that have the strongest bonds with lattice oxygen. The observed lack of oxidation of Co on TiO 2 is expected based on the heats of formation of titania compared with alumina and vanadia, which also do not oxidize Co clusters.
■ CONCLUSIONS
The growth of Co clusters on TiO 2 (110) results in small clusters 3−5 Å high for coverages up to 0.25 ML, accompanied by a relatively high cluster density and no preferential nucleation at step edges. These results demonstrate that Co is less mobile on the surface compared to other mid-late transition metals, which form larger clusters and nucleate at step edges. Room temperature deposition of Co induces only a minor reduction of the titania surface, and Co is not significantly oxidized by the titania support. A comparison of the growth of Au, Ni, and Pt clusters on TiO 2 (110) with Co at the same coverage demonstrates that Co forms the smallest clusters and highest cluster densities due to the lowest rates of the diffusion. DFT calculations for the binding energies of these metals on titania show that the diffusion rate decreases with metal−titania bond strength, which also follows the binding energy of oxygen on the close-packed metal surfaces. Therefore, the rate of diffusion and corresponding clusters size can be predicted based on the metal−titania and admetal−oxygen binding energies. Co, with the strongest binding, has the greatest diffusion barrier and therefore forms the smallest clusters; Au, with the weakest binding, is the most mobile and result in the largest clusters. On oxidized TiO 2 (110) surfaces, diffusion of all four metals is slower due to strong bonding between the metals and surface oxygen.
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